A literature overview of enthalpy of mixing data for liquid Co-Sn alloys shows large scattering but no clear temperature dependence. Therefore drop calorimetry was performed in the Co-Sn system at twelve different temperatures in 100 K steps in the temperature range (673 to 1773) K. The integral enthalpy of mixing was determined starting from 1173 K and fitted to a standard Redlich-Kister polynomial.
Introduction
A growing demand on electrical energy for mobile systems, especially for electrically driven cars, makes the development of devices for an efficient storage of electricity necessary. One of the most promising technologies are the Lithium-Ion Batteries (LIBs) which are currently being further developed, both by basic scientific approaches and technological innovations. The search for new materials includes all possible components, i.e. anode, cathode, and electrolyte. Among those, intermetallic compounds, including many compounds with Sn, have been discussed extensively, especially as material for the anode, to provide a means for efficient Li storage [1] [2] [3] . Among the possible candidates are also intermetallic compounds in the system of Li with Co-Sn [4] for which it is hoped that Li can undergo a reversible reaction without drastic volume change that would destroy the anode and the LIB.
In other fields, Co-Sn and (Sn-Co)-based alloys are also under discussion for high-temperature lead-free soft solder alloys at T = (500 to 620) K [5, 6] where they might play a certain role for specialized applications. Likewise, Co-Sn alloys are applied in specific high-tech applications. For example, they have been discussed for the production of metallic glasses [7] .
Information on thermochemistry and phase relationships of the respective alloy systems forms the basis for a systematic materials design which is desired to avoid complex and time consuming trial and error developing methods. Experimental thermochemical quantities such as the enthalpy of mixing are indispensable for the thermodynamic optimization and calculation of phase diagrams (CALPHAD 1 ) and the calculation of several physical properties, e.g. surface tension, viscosity and wettability. Solidification behavior, interfacial diffusion and reaction as well as microstructure and texture of multi-component alloy systems can be estimated from a proper thermodynamic and kinetic data base.
The purpose of this work is to complete and clarify the information on the enthalpy of mixing of liquid Co-Sn alloys for which the data available in literature are highly inconsistent and to provide a reliable data set. Therefore the integral and partial enthalpies of mixing of molten binary Co-Sn alloys have been measured at several temperatures to obtain both absolute values as well as their temperature dependencies.
Literature survey
The integral and partial enthalpies of mixing for liquid Co-Sn alloys have been measured by several authors. Körber and Oelsen [8] reported values at T = 1773 K, Esin et al. [9] 
Experimental details
The calorimetric measurements were carried out using two different calorimeters. For low temperatures up to T = 1273 K a Calvet-type twin micro-calorimeter system was used, based on a commercial wire wound resistance furnace (HT-1000, SETARAM, Lyon, France) having two thermopiles with more than 200 thermocouples, equipped with an automatic drop device for up to 30 drops; control and data evaluation was performed with Lab View and HiQ. This system was described in detail by Flandorfer et al. [24] .
For higher temperatures up to T = 1773 K a commercial Multi High-Temperature micro-calorimeter (MHTC, SETARAM, Lyon, France) was available with one thermopile with 20 thermocouples, a graphite tube resistance furnace, a manual drop device for up to 23 drops; control and data evaluation was performed using the software provided by the company.
The measurements were generally performed in graphite crucibles under Ar flow (99.999 vol.%, purification from oxygen, approx. 
where n i is the number of moles of the added element i, H m denotes molar enthalpies, T D is the drop temperature, and T M is the calorimeter temperature of the respective measurement in Kelvin. The molar enthalpy difference ðH m;i;T M À H m;i;T D Þ was calculated using the SGTE data for pure elements [25] . Because of the rather small masses of added component, partial enthalpies can be calculated directly as
The integral molar enthalpy of mixing, D Mix H, was calculated by summing the respective reaction enthalpies and division by the total molar amount of substance, where n j stands for the molar amount of substance which was already present in the crucible:
Co and Sn of high purity (99.99%, Alfa Aesar, Karlsruhe, Germany) were used without further purification. The measurements were carried out by adding solid Co to liquid Sn at twelve different temperatures (673 to 1773) K in intervals of 100 K. In the temperature interval between (673 and 1773) K measurements were performed with very small concentration steps (15 to 25 drops up to x Co 6 0.07) in order to determine the limiting partial enthalpy of mixing of Co in Sn. From 1173 K upwards, measurements were also done with much larger steps in order to determine the integral and partial enthalpies of mixing over a wide concentration range.
In the first case 15 to 25 pieces of Co with masses between (10 and 20) mg were dropped into (7 to 9.5) g of liquid Sn in order to determine the limiting partial enthalpy of mixing of Co in liquid Sn. Measurements for the determination of the integral enthalpy of mixing were carried out starting from T = (1173 to 1773) K. Between (9 and 19) pieces of Co with masses between (20 and 50) mg were dropped into (1.0 to 2.5) g of liquid Sn. The mass of dropped Co pieces was increased throughout each calorimetric run in order to make nearly equal atomic fraction steps. Additional calorimetric measurements were performed dropping Sn into liquid Co at T = 1773 K, slightly above the melting point of Co. However, it was found that the integral enthalpy of mixing values determined by the addition of Sn to liquid Co placed in a graphite crucible were in disagreement with values obtained by dropping Co pieces into Sn-rich solutions. Values at about 50 at.% Co, determined from both sides, differed significantly. We suppose that this was caused by a reaction between sample and graphite crucible and further formation of the ternary compound Co 3 SnC 0.7 [26] . Such measurements using Al 2 O 3 crucibles gave much better agreement at the cross over zone (see table 1 and figure 1). A least square fit based on the entire set of D Mix H values at T = 1773 K, measured from both sides, is only possible using a Redlich-Kister polynomial with four interaction parameters whereas at all the other temperatures two parameters were sufficient. To present a more consistent data set we did not include enthalpy values obtained by drops of Sn into Co for the mathematical description of the enthalpy of mixing at T = 1773 K.
Random as well as systematic errors of drop calorimetry depend on the calorimeter construction, calibration procedure, signal integration and ''chemical errors'', e.g. incomplete reaction or impurities. Considering many calibration measurements done by dropping NIST standard sapphire, the standard deviation can be estimated to be less than ±1% for the HT-1000 and less than ±1.5% for the MHTC instrument. The systematic errors are mainly caused by parasitic heat flows, base line problems at signal integration and dropping and mixing problems. One can estimate that the random error of the measured enthalpy is ±150 J for measurements with our HT-1000 and ±300 J for the MHTC calorimeter. The experimental results of the enthalpy of mixing and the partial enthalpy of mixing together with error values for each drop are represented in the tables 1 and 2. Selected furnace cooled alloys after calorimetric runs were checked by scanning electron microscopy (SEM) and X-ray diffraction (XRD) to ensure complete dissolution of the dropped component. The powder XRD measurements were done on a Bruker D8 diffractometer at ambient temperature using Ni filtered CuK a radiation (accelerating voltage 40 kV, electron current 40 mA). The diffractometer operates in the h:2h mode. The powder was fixed with petroleum jelly on a single crystal silicon sample carrier which was rotated during the measurement. The detection unit was a Lynxeye strip detector. Indexing of the phases was supported by the Inorganic Crystal Structural Database (ICSD). Rietveld refinement of the XRD patterns was done with the Topas3 Ò software provided by Bruker AXS.
The electron microscope Zeiss Supra 55 VP was used for metallographic investigations. The excitation energy of the electron beam was (15 to 20) kV; backscattered electrons were detected in order to visualize the surfaces of the samples. The chemical analyses of the sample phases were performed using the energy dispersive X-ray (EDX) technique with the two characteristic spectral lines Cu_K and Sb_L. Standard deviations for the chemical compositions obtained from EDX were about ±1 at.%.
Results and discussion
The experimental results of 16 measurement series over wide concentration ranges performed at temperatures (1173 to 1773) K can be found in table 1 . The values within the shaded fields In order to prove that all pieces of the solid component dropped into the liquid bath had completely dissolved, selected alloys were investigated by means of SEM-EDX and powder XRD measurements after the calorimeter had cooled down. The results of phase analyses along with BSE images of three exemplary alloys can be found in table 3. No residual pure Co or Sn was found in the investigated samples. The Sn phase in the alloy Co 43 Sn 57 clearly origins from non-equilibrium solidification of the liquid phase and is not a residual of the Sn dropped. The XRD phase analysis fully confirmed the phases that had been found by SEM-EDX.
For a mathematical description of the integral enthalpies of mixing as a function of the molar fraction of Co, the experimental data at temperatures (1173 to 1773) K were subjected to a least square fit based on a Redlich-Kister polynomial [27] as proposed by Ansara and Dupin [28] figure 3 .
The possibility to form such associates in the liquid state was discussed for Co-Sn by Ivanov [23] and Komarnytsky et al. [30] . The first author [23] supposed the existence of an associate with the stoichiometry Co 2 Sn while the authors of [30] postulated Co 3 Sn 2 as an associate. Both compositions appear as solid phases in Co-Sn although Co 3 Sn 2 is the more stable compound. Generally, the stability of associates is considered to decrease with rising temperature which explains the less exothermic values at elevated temperatures. The competition between the two types of associates could be the reason for the concentration shift of the minimum enthalpy of mixing to higher Co contents. The loss of stability with increasing temperature should be less for Co 2 Sn than for Co 3 Sn 2 . Fitting our experimental data to common association models [29] does not give a clear result which associates are involved. It is possible to well describe the experimental data but the physical meaning is not significant. For a mathematical description, the Redlich-Kister polynomials are preferable because they are much simpler and the number of necessary parameters is lower.
A comparison of our experimental data at T = (973 and 1573) K with available literature data at similar temperatures is shown in figure 4 . Jiang et al. [7] modeled the concentration and temperature dependencies of the integral enthalpy of mixing, based on earlier literature data, and found the minimum at T = 1573 K around À1630 J/mol close to 56 at.% Co whereas our data are characterized by a minimum of approx. À3370 J/mol around 61 at.% Co at the same temperature. Our results are in satisfactory agreement with the experimental data by Vassilev et al. [11] at T = 991 K and generally confirm the tendency to an enthalpy minimum on the cobalt-rich side. Figure 5 shows our results for D Mix H at T = 1773 K compared to literature data also obtained at such high 
TABLE 4
Binary interaction parameters at different temperatures. in the literature. At this point it has to be mentioned that it is not clear whether other authors considered the enthalpy effect due to the magnetic transition of cobalt for their evaluations. The enthalpy effect which is approx. (8 to 8.5) kJ/mol was calculated according to the SGTE database and needs to be provided if ferromagnetic Co dissolves in liquid Sn. This has to be considered for the evaluations otherwise the results are less exothermic or even endothermic.
The results of all our measurements up to x Co 6 0.07 performed at temperatures (673 to 1773) K for the determination of the limiting partial enthalpy of Co in Sn are listed in table 2, which comprises the heat effect for each drop and the partial and integral enthalpies of mixing.
Crossing the liquidus line into a two-phase field (L ? L + CoSn 2 or L ? L + CoSn) is usually indicated by a kink in the integral enthalpy of mixing and a discontinuity in the partial values; see figure 2 . Interestingly, the enthalpy curves at low temperatures don not show any clear kink or jump, respectively, as it was expected with respect to the phase diagram given e.g. in reference [7] . For instance, we did not find any significant effect at T = 673 K, the lowest of our experimental temperatures, as shown in figure 6 , although CoSn 2 has clearly been formed (see EPMA results given in table 2); the partial enthalpy of mixing (about À24 kJ/mol) does not change abruptly although we should have crossed the liquid phase boundary. The reason might be that the heat effect, caused by mixing of one mole of liquid Co into the liquid alloy (partial enthalpy of mixing), is approximately equal to the heat effect for crystallization of approximately one mole Co and its reaction with the corresponding amount of liquid Co 3 Sn 97 forming one mole solid CoSn 2 . Based on the data collected in table 3 of reference [11] , an average value of À16.6 kJ/mol can be calculated for the enthalpy of formation of Co 0.33 Sn 0.67 , referred to Co(s, fcc) and Sn(l) which makes À49.8 kJ referred to one mole of CoSn 2 at T = 673 K. According to the SGTE database for the elements [25] the crystallization enthalpy of one mole Co at T = 673 K can be calculated as $23.3 kJ. The enthalpy necessary to provide the corresponding amount of Co(s) and Sn(l) from liquid Co 3 Sn 97 is roughly estimated to be 1.5 kJ/mole Co. With these numbers, the calculation of the molar partial effect for dropping Co to liquid Co 3 Sn 97 and formation of CoSn 2 gives À25 kJ. This agrees quite well with the values observed experimentally and shown in figure 6 and would explain the missing of any clear kink or discontinuity in the enthalpy curves. A similar behavior could be observed at T = 773 K where still CoSn 2 should crystallize first from the liquid at less than 3 at.% Co [7] .
The limiting partial enthalpies of mixing of pure Co into liquid Sn, DH 1 Co , were determined at temperatures (673 to 1773) K by FIGURE 4 . Integral enthalpy of mixing of liquid Co-Sn alloys at about T = 991 K (Vassilev et al. [11] at T = 991 K and presented data at T = 973 K) and T = 1573 K (Jiang et al. [7] , Eremenko et al. [12] and presented data); standard states: pure liquid components.
FIGURE 5.
Integral enthalpy of mixing of liquid Co-Sn alloys at high temperatures (Körber and Oelsen [8] at T = 1773 K, Esin et al. [9] at T = 1850 K, Luck et al. [10] at T = 1780 K and presented data at T = 1773 K); standard states: pure liquid components. Co with temperature requires a precise theoretical analysis. It is noteworthy that Torgersen et al. [13] suggested the temperature variation of DH 1 Co to be attributed to the existence of Co n clusters or Co n Sn m units in the liquid at low temperatures. Our results qualitatively confirm the assumption of short range order effects in liquid Co-Sn alloys.
Conclusions
Enthalpy of mixing values published in literature generally show large variations. A temperature dependence was suggested but not proved consistently up to now. Summarizing the literature values at different temperatures does not give a stringent picture of temperature dependence. In this work the enthalpy of mixing was determined using drop calorimetry in T = 100 K steps in the temperature range T = (663 to 1773) K. The new values obtained are generally exothermic and show a clear temperature dependence of the integral and partial enthalpy of mixing with less exothermic values on rising temperature. The limiting partial enthalpy of Co in Sn is nearly constant at temperatures T = (673 to 973) K. Then the values rise and approach an exothermic value of about À1350 J/mol at T = 1773 K. Co-Sn seems to be an interesting alloy system for further studies concerning the phenomena of short range order formation in liquid intermetallic alloys.
